Cis-acting DNA sequence elements are crucial to the proper regulation of transcription. e identification and functional characterization of these elements, often DNA sequence motifs, has progressed unevenly. For example, although the yeast Gal4 motif is well characterized and widely used in transgenic applications, up to half of yeast transcription factors (TFs) have opaque target sequences. ChIP-exo, a new method developed by Rhee and Pugh [1], seeks to assay DNA-protein binding at high resolution in order to fill in the cis-regulatory motif blanks.
The elusive functional motifs
To identify motifs in an unbiased, high-throughput manner, experimentalists have used in vitro methods such as SELEX [2] and protein-binding microarrays [3] . Such studies have accumulated a large catalogue of position weight matrices for DNA-binding motifs that is available in databases, including JASPER and TRANSFAC.
Whereas well-described motifs in Escherichia coli comprise as many as 24 bp, motifs in Drosophila and other metazoans tend to be much shorter, often comprising just 6 or 8 bp [4] . When analyzed in the large genomes of eukaryotes, such short motifs are commonplace. Cells must employ mechanisms to highlight the functional motifs or mask the decoy motifs in vivo. One major mechanism, identified through DNase hypersensitivity experiments, is accessibility of motifs in open DNA regions [5] . ese nucleosome-free regions are also flanked by distinct chromatin signatures. In any cell type, a small fraction of the genome, including promoters and enhancers, adopts such an open chromatin configuration. us, the majority of motifs are found in inaccessible regions with higher nucleosome occupancy and chromatin compaction. Notably, the combination of DNase hypersensitivity assays with high-throughput sequencing can enable high-resolution footprinting of bound sequence motifs, albeit without direct identification of the interacting DNA-binding protein [6, 7] . e DNase approach can be complemented by direct mapping of TF-binding sites through combination of chromatin immunoprecipitation with deep sequencing (ChIP-Seq).
Despite biochemical and molecular evidence linking TFs to specific motifs, a high proportion of binding sites returned in systematic TF-mapping studies have lacked the consensus motifs. Although the correspondence between binding and motif presence improved with the transition from array-based approaches to ChIP-seq, it remained that half or more of all detected sites could not be linked to a cognate motif [8] . Computational efforts to define alternative or degenerate motifs have been successful [9] , but have been hindered by the modest resolution of ChIP-Seq. Additional filters, such as conservation across species, have helped narrow down the candidate regions, but can only infer the relevant TF or cell type. ese analyses are likely to be limited by biological complexity, such as DNA methylation status of the motif, competitive or collaborative binding of multiple TFs, DNA looping, low occupancy sites, and stability or halflife of DNA-protein interactions. Taken together, these limitations point to a critical need for additional experimental methods capable of defining, at base pair resolution, protein-DNA interaction in vivo.
ChIP-exo improves resolution
In a recent issue of Cell, Rhee and Pugh [1] present a new method called ChIP-exo to improve identification of DNA motifs by significantly narrowing down the region of protein binding. e technique combines aspects of TF ChIP and DNase footprinting for base pair resolution of binding sites. Specifically, the authors utilized lambda exonuclease, which degrades DNA in a 5' to 3' direction. When lambda exonuclease is added near the end of a ChIP protocol, it removes only one strand of the DNA until it is blocked by the DNA-protein crosslink (Figure 1 ). After digestion, the authors proceed to reverse the crosslink, and ligate a second adapter, which gives directionality to the DNA fragments. The clever method produces a defined boundary of DNA-protein interaction while still leaving enough intact DNA in the 3' direction for aligning sequencing reads, thus enabling the authors to delineate the extent of the bound region with base pair resolution.
Rhee and Pugh used ChIP-exo on four proteins in yeast and one protein in human cells. The single base pair resolution of ChIP-exo allowed for new insights into DNA-protein interactions. For example, they found yeast Reb1 is bound exactly 95 bp upstream of transcription start sites, and often coincides with a second Reb1 binding event of lower occupancy 40 bp away. As these two binding events are relatively close, they would be indistinguishable from a single binding event in ChIP-Seq. Additionally, the authors investigated the binding of Phd1, a transcriptional activator with an ambiguous motif. They found Phd1 binds two distinct motifs, and a third degenerate motif, possibly explaining its motif ambiguity. To the extent that ChIP-exo sequencing reads represent protein occupancy, all three motifs had the same occupancy of Phd1 binding, indicating protein binding is not always decreased at degenerate motifs.
Rhee and Pugh also investigated Rap1, a unique DNA binding protein that binds at both telomeres and ribosomal genes. The telomere-bound sites had a GT-rich 27 bp motif, while non-telomere binding had three versions of a 12 to 13 bp motif. The motifs had significant heterogeneity that the authors suggest is compensated for by the length of the motif. Interestingly, they note that Rap1 is bound to regions previously identified as containing nucleosomes. They propose that lambda exonuclease chews through DNA that is wrapped about histones, yet stops at the Rap1 DNA crosslink. The authors do not specu late on why the nucleosomal DNA is relatively more susceptible to exonuclease digestion, but none theless the TF-binding event is detected by ChIP-exo.
Modular motifs
Lastly, the authors used the new method to map CTCF in human HeLa cells. A minority of CTCF is bound at promoters; it is not a TF in the traditional sense, but likely plays more diverse roles in genome folding, insulation and boundary formation. It has been shown in vitro that CTCF utilizes combinations of its 11 zinc-finger domains to bind to different DNA sequences [10] . Using the new method, the authors identified six related motifs, composed of combinations of four modules. CTCF occupancy increased with the increasing number of modules present, and only half of CTCF binding occurred at the motif most similar to the canonical CTCF motif, which contains modules no. 2 and no. 3.
The data of Rhee and Pugh provide insights into TF binding at low occupancy sites, which they argue plays a biologically functional role, as opposed to random TF scanning or noisy binding events. They found that low TF occupancy correlates with either single nucleotide substitutions in the underlying motif (as seen with Reb1), or a decrease in the number of modules within a motif (as seen with CTCF). However, Rhee and Pugh note that low occupancy sites have similar characteristics to high occupancy sites, such as distance to transcription start sites. As ChIP-exo is done on additional TFs, particularly in mammalian models, it will be interesting to see if this holds as a common theme, or if more diverse binding modes will be found. Additionally, the current data do not address the mechanisms for low occupancy binding, such as a protein binding for shorter lengths of time due to reduced binding energy, competitive binding of other proteins, or rapid removal by transcriptional machinery.
In conclusion, ChIP-exo presents a valuable complement to ChIP-Seq, DNase footprinting and chromatin mapping in pursuit of a more precise understanding of the biochemical interactions that mediate contextspecific genome function. 
